introduction
We developed a capillary chromatography system using an open capillary tube and an aqueous-organic mixture carrier solution that worked under laminar flow conditions. 1, 2 In contrast to conventional capillary electrochromatography, 3, 4 capillary electrophoresis 5, 6 and capillary liquid chromatography, 7, 8 separation in this system was performed without the use of any specific materials, such as packed capillary tubes, additives, such as gels, surfactants, host molecules or salts, or high-voltage supply devices.
Based on our results, 1,2 we proposed that separation in the capillary chromatography system was performed based on the tube radial distribution of the aqueous-organic mixture solvents in the capillary tubes under laminar flow conditions. We call this a tube radial distribution chromatography (TRDC) system. 2 The separation performance in the TRDC system was explained as follows: 2 1) Water and organic solvents in the carrier solution are not dispersed uniformly in the capillary tube, based on the tube radial distribution of the solvents under laminar flow conditions. A major solvent phase (water-rich or organic solvent-rich) forms around the middle of the tube far from the inner-wall, while a minor solvent phase (organic solvent-rich or water-rich) is generated near the inner-wall of the capillary tube (pseudo-stationary phase). 2) Hydrophilic molecules in the analyte mixture are subsequently dispersed in the water-rich phase, and hydrophobic molecules are dissolved in the organic solvent-rich phase.
3) The analyte dispersed in the major solvent phase around the middle of the capillary tube is eluted with a near average linear velocity, while the analyte dispersed in the minor solvent phase near the inner-wall of the tube is eluted with a smaller than average linear velocity under laminar flow conditions. The elution times of the analytes can be easily reversed by changing the component ratio of the solvents in the carrier solution.
In this study, to extend our knowledge regarding the TRDC system, we examined the effects of the inner-wall characteristics of a fused-silica capillary tube on the separation performance in the system. Untreated (silanol group-intact) and inactivated (silanol group-end-blocked) fused-silica capillary tubes were used. The experiments were carried out under the same analytical conditions, other than the inner-wall characteristics of the fused-silica capillary tubes. The data obtained here were considered from the viewpoint of the tube radial distribution of the carrier solvents in the tubes under laminar flow conditions.
Experimental
Water was purified with an Elix UV 3 (Millipore Co.). All reagents used were commercially available and of analytical grade. 2,6-Naphthalenedisulfonic acid, 1-naphthol, acetonitrile, and ethyl acetate were purchased from Wako Pure Chemical Industries, Ltd. Fused-silica capillary tubes (50 μm i.d., 150 μm o.d.), untreated (silanol group-intact) and inactivated (silanol group-end-blocked), were purchased from GL Science.
The capillary chromatography system consisted of a fused-silica capillary tube (80 cm in length; effective length, 60 cm), a micro-syringe pump (MF-9090; Bioanalytical Systems, Inc.), and an absorption detector (modified SPD-6A spectrophotometric detector; Shimadzu Co.). 
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A capillary chromatography system was developed using an open capillary tube and a water-acetonitrile (hydrophilic)-ethyl acetate (hydrophobic) mixture carrier solution. In this study, we examined the effects of the inner-wall characteristics of a fused-silica capillary tube on the separation performance in this system. Untreated (silanol group-intact) and inactivated (silanol group-end-blocked) fused-silica capillary tubes were used. The mixture analyte of 1-naphthol and 2,6-naphthalenedisulfonic acid was injected into two types of capillary tubes. They were eluted from both tubes in this order with water-acetonitrile-ethyl acetate (volume ratio 2:7:4) mixture carrier solution, and eluted in reverse order with water-acetonitrile-ethyl acetate (volume ratio 15:3:2). The peak shapes observed here were analyzed while considering the inner-wall characteristics of the capillary tubes from the viewpoint of the tube radial distribution of the carrier solvents in the tubes. The analyte solution was introduced directly into the capillary inlet for 20 s from a height of 20 cm by a gravity method. After analyte injection, the capillary inlet was connected through a joint to a micro-syringe. The syringe was set on a micro-syringe pump. The carrier solution was fed into the capillary tube at a specified flow rate under laminar flow conditions (setting flow rate of the pump; 0.3 μL min -1 ). On-capillary absorption detection (254 nm) was performed with a detector.
Results and Discussion
The TRDC systems were performed using fused-silica, polyethylene, and poly(tetrafluoroethylene) capillary tubes in our previous work.
1,2 However, because they had quite different inner diameters of 50, 200, and 100 μm, respectively, it was hard to strictly evaluate the influence of the inner-wall of the capillary tube. In this study we tried to examine the effects of the inner-wall characteristic on the separation performance in the TRDC system by using fused-silica capillaries under quite the same analytical conditions, except for the inner-wall characteristic.
First, we examined an untreated (silanol group-intact) fused-silica capillary tube with aqueous-organic solvent mixture carrier solutions, an organic solvent-rich carrier solution (water-acetonitrile-ethyl acetate (volume ratio 2:7:4)) and a water-rich carrier solution (the water-acetonitrile-ethyl acetate (volume ratio 15:3:2)). The obtained chromatograms are shown in Fig. 1. 1-Naphthol and 2,6-naphthalenedisulfonic acid were eluted from the capillary in this order with the organic solvent-rich carrier solution (Fig. 1a) . 1-Naphthol was eluted at ca. 4.2 min with a near average linear velocity (average linear velocity under the laminar flow conditions was confirmed through an experiment using a normal carrier solution not including organic solvents), and 2,6-naphthalenedisulfonic acid was eluted with a smaller velocity than the average linear velocity. A water-rich phase (minor solvent phase) was formed near the inner wall as a pseudo-stationary phase, due to the tube radial distribution of the carrier solvents in which phase 2,6-naphthalenedisulfonic acid was dispersed and eluted with a slower velocity than the average linear velocity.
1-Naphthol and 2,6-naphthalenedisulfonic acid were eluted in the reverse order with the water-rich carrier solution (Fig. 1b) . An organic solvent-rich phase (the minor solvent phase) generated near the inner-wall due to the tube radial distribution of the carrier solvents in which phase 1-naphthol was dispersed and eluted at a slower velocity than the average linear velocity.
The elution times and the peak shapes of the chromatograms shown in Fig. 1 were partly different from those reported in our previous work 1 using the same untreated fused-silica capillary tube. The difference between them must have been caused by the different analytical conditions, such as the capillary length and the flow rate.
Next, we examined an inactivated (silanol group-end-blocked) fused-silica capillary tube with aqueous-organic solvent carrier solutions, an organic solvent-rich carrier solution and a water-rich carrier solution. The obtained chromatograms are shown in Fig. 2 ; an elution behavior similar to that of the untreated capillary tube was observed.
1-Naphthol and 2,6-naphthalenedisulfonic acid were eluted from the capillary in this order with an organic solvent-rich carrier solution (Fig. 2a) . However, they were eluted in reverse order to that of the water-rich carrier solution (Fig. 2b) .
The inner-wall characteristics of the fused-silica capillary tubes did not change the elution orders of the model analytes in the present TRCD system. However, it should be noted that the second peak of 1-naphthol, obtained through an inactivated tube with the water-rich carrier in Fig. 2b , indicated broadening on the peak shape, compared with the other peaks observed in Figs. 1 and 2 . The component of the second peak was dispersed in the minor solvent phase generated near the inner-wall of the capillary tube as a pseudo-stationary phase. When using the inactivated (comparatively hydrophobic) fused-silica capillary with the water-rich carrier solution, 1-naphthol (hydrophobic) was eluted as a second peak along the inner-wall surface, as shown in Fig. 2b . In this case, the hydrophobic interaction between the analyte (1-naphthol) and the inner-wall of the inactivated fused-silica must have led to a peak broadening of 1-naphthol. That is, the specific broadening of the second peak in Fig. 2b consists of the separation performance based on the tube radial distribution of the carrier solvents in the TRDC system.
In addition, in the case of no interaction between the analyte and the inner wall, it was observed for the both analytes, 1-naphthol and 2,6-naphthalenedisulfonic acid, in Figs. 1 and 2 that the peak area as a second peak became smaller than that as a first peak. Although such a phenomenon may have been caused by the light-path lengths of the major and minor solvent phases in the capillary tube as well as reflection and refraction of the entrance and transmittance light at the outer-and innerwall surfaces of the capillary tube, the reason has not yet been clarified.
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